The Xe nuclear magnetic resonance chemical shift differences that afford the discrimination between various biological environments are of current interest for biosensor applications and medical diagnostic purposes. In many such environments the Xe signal appears close to that in water. We calculate average Xe chemical shifts ͑relative to the free Xe atom͒ in solution in eleven liquids: water, isobutane, perfluoro-isobutane, n-butane, n-pentane, neopentane, perfluoroneopentane, n-hexane, n-octane, n-perfluorooctane, and perfluorooctyl bromide. The latter is a liquid used for intravenous Xe delivery. We calculate quantum mechanically the Xe shielding response in Xe-molecule van der Waals complexes, from which calculations we develop Xe ͑atomic site͒ interpolating functions that reproduce the ab initio Xe shielding response in the complex. By assuming additivity, these Xe-site shielding functions can be used to calculate the shielding for any configuration of such molecules around Xe. The averaging over configurations is done via molecular dynamics ͑MD͒. The simulations were carried out using a MD technique that one of us had developed previously for the simulation of Henry's constants of gases dissolved in liquids. It is based on separating a gaseous compartment in the MD system from the solvent using a semipermeable membrane that is permeable only to the gas molecules. We reproduce the experimental trends in the Xe chemical shifts in n-alkanes with increasing number of carbons and the large chemical shift difference between Xe in water and in perfluorooctyl bromide. We also reproduce the trend for a given solvent of decreasing Xe chemical shift with increasing temperature. We predict chemical shift differences between Xe in alkanes vs their perfluoro counterparts.
I. INTRODUCTION
Optical pumping methods are being used to achieve nonequilibrium nuclear spin polarization in the noble gases 3 He and 129 Xe. The enhanced signal of such hyperpolarized gases in nuclear magnetic resonance ͑NMR͒ has been utilized in biomedical imaging of void spaces, including investigation of healthy and diseased human lungs in vivo.
1,2 Hyperpolarized xenon introduced into blood or tissues provides in vivo chemical shift-selective imaging for investigations. Xenon may have an inherent advantage for such investigations because it is Ϸ15-20 times more soluble in blood and tissue than helium, and is preferentially incorporated into lipidcontaining and protein-containing components. Tissuedissolved hyperpolarized Xe NMR signals from the thorax and from brain have already been observed in both rodents and humans, and Xe images were recorded from the brain of a live rat using two-dimensional chemical shift imaging. 3 One drawback of the use of Xe in humans is that it is an anaesthetic.
Dissolving hyperpolarized xenon gas in a liquid for subsequent injection into the organism was suggested by Bifone et al. 4 Intravenous injection of xenon dissolved in a bolus of a biocompatible liquid is a far more promising method than inhalation of the gas for maintaining the polarization during introduction of the xenon to blood and tissues. Saline solutions had been used, but xenon has a limited solubility in water. The high solubility of Xe in perfluorocarbons, the long Xe T 1 relaxation time of dissolved gas, and the chemical and biological inertness of these liquids suggest their use for delivery of hyperpolarized xenon. Perfluorocarbon-based emulsions have been designed for use as blood substitutes. These biocompatible emulsions contain perfluorocarbon droplets that are stabilized by a phospholipid monolayer. The droplet size is small enough to pass through the lung capillaries. These properties suggest a perfluorocarbon emulsion as an intravenous delivery medium for hyperpolarized xenon. Bifone and co-workers demonstrated that the perfluorooctyl bromide emulsions with droplet sizes у5 m have the narrow Xe NMR lines that would permit the use of perfluorooctylbromide ͑PFOB͒ emulsions as delivery media for hyperpolarized xenon in vivo. 5 Subsequently, Bifone and coworkers have used this delivery medium to carry out in vivo hyperpolarized Xe NMR spectroscopy in tumors and to study blood oxygenation. The chemical shift of a xenon atom in aqueous solution is 196 ppm and in perfluorooctyl bromide it is 106 ppm. 5 The very large differences in intermolecular chemical shift typical of the xenon atom is the major advantage in discrimination of Xe signals from blood and various tissues, 3 and in discrimination of Xe signals in healthy and cancerous tissues. 6 The Xe chemical shift differences that afford this fine discrimination are therefore of great interest for diagnostic purposes.
Xe is soluble in organic solvents in which it has a chemical shift range from 85 ppm ͑in hexafluorobenzene͒ to 246.7 ppm ͑in iodobenzene͒, 7 relative to free Xe atom. The significant body of experimental data of Xe in liquids has been largely due to the work of Stengle and Williamson, [8] [9] [10] [11] [12] with later additions from Lim and King. 13, 14 More recent data including alkyl alcohols, ketones, and acids have been provided by Luhmer and Bartik. 15 Lim and King 13, 14 as well as Luhmer and Bartik 15 have proposed empirical models of group contributions based on the Xe chemical shift dependence on number of carbons in the solvent molecule. These models suggested that the Xe chemical shift increases linearly with fraction of CH 2 groups. 13, 14 Bonifacio and Filipe have suggested that all such analyses are flawed which do not take into account the fact that the solvents in which the Xe shifts are dissolved are not in the same thermodynamic states at the same temperature. 16 Therefore, these authors have made measurements of Xe chemical shifts in solutions as a function of temperature and they suggest that valid comparisons could be made for solvents at the same reduced temperature, or at the same mass density, in order to compare Xe in solvents at the same thermodynamic state. In such comparisons, the Xe chemical shifts are found to actually decrease with increasing fraction of CH 2 , and decrease with increasing number of C atoms. 16 Experimentally, Xe chemical shifts in solution decrease with increasing temperature for the same organic solvent. 8, 16 Previous treatments of Xe chemical shifts in solution have been entirely empirical. The models used were based on the reaction field theory of Onsager which describes the liquid as a continuum. Linear correlations of the Xe chemical shifts with a function of the refractive index of the pure solvent f (n)ϭ͓(n 2 Ϫ1)/(2n 2 ϩ1)͔ 2 , for example, have been found for liquids of similar molecular types. The use of this function, based on the idea that the major chemical shift contribution arises from the dispersive part of the van der Waals interactions, was suggested by Rummens. 17, 18 The more recent interpretations by Luhmer and Bartik are still based on dispersion contributions as the primary origin of Xe chemical shifts in the various solvents, differing from the Rummens model in that the Xe chemical shifts are assumed directly proportional to the Xe-solvent dispersion energy, where the latter is taken from a PISA ͑pair interaction structureless approximation͒ model. 15, 19, 20 These models involve primarily parameter fitting and do not permit calculations of the Xe chemical shifts from first principles. They provide no satisfactory explanation either for the nonzero intercept in the linear fit or the way in which such intercepts change with solvent molecule type.
In this paper, we offer the first theoretical calculations of chemical shifts for Xe atoms dissolved in liquid solvents by using quantum mechanically calculated shielding response functions in classical atomistic molecular dynamics simulations. We investigate the large experimentally observed difference in Xe chemical shifts between xenon dissolved in water and Xe in perfluorooctyl bromide, a liquid used for intravenous Xe delivery. We also systematically investigate Xe dissolved in n-alkanes, in which the Xe chemical shifts have been measured as a function of temperature.
8, 16 We calculate average Xe chemical shifts ͑relative to the free Xe atom͒ in solution in eleven liquids: water, iso-butane, perfluoro-isobutane, n-butane, n-pentane, neopentane, perfluoroneopentane, n-hexane, n-octane, n-perfluorooctane, and perfluorooctyl bromide. Our goal is to provide a fundamental understanding of the Xe chemical shift in liquid solvents that goes beyond empirical correlations with bulk properties such as refractive index. Quantum mechanical calculations have already shown that, although electron correlation can have a significant contribution, the dominant part of the Xe intermolecular shielding response can be found at the self-consistent-field ͑SCF͒ level, [21] [22] [23] without including electron correlation. This finding is at odds with the use of dispersion-based models that have dominated the literature on Xe chemical shifts in solution. 8, 17 In addition, we seek to understand the ways in which the liquid structure of the solvent plays a role in the Xe chemical shifts in solution.
II. METHODS

A. Approach
In order to develop an understanding of Xe chemical shifts in liquid solvents, we adopt an approach that eliminates any need for adjustable parameters. We use the same approach as for Xe in the gas phase and for Xe occluded in cages and channels in the crystalline phase. The Xe atom has an intrinsic shielding response in a particular configuration of neighbors. This is an electronic property which can be described by quantum mechanical calculations. The probabilities of system configurations, on the other hand, can be described by a statistical mechanical calculation using integrations, or grand canonical Monte Carlo or classical molecular dynamics simulations. For the present work, we assume transferability, i.e., we import directly those potential functions and shielding response functions, which have been tested against either gas phase data ͑Xe in CH 4 and CF 4 ), or data in the crystalline solid ͑Xe in water cages in clathrate hydrates͒ for use in the molecular dynamics simulations. That is, we assume that the electronic factors are preserved ͑same interaction potential energy functions and same shielding functions͒, and that the only difference between the previous systems and the systems of Xe in liquid solvents arises from the probability distributions of system configurations. To provide the latter, we use molecular dynamics simulations methods and liquid-liquid potentials that have been successfully employed for simulations of liquid properties.
B. Chemical shift functions
The observed chemical shift in solution arises from the difference in shielding between the free Xe atom ͑the reference͒ and the isotropic shielding of Xe dissolved in solution. 23 These shielding functions, relative to the free Xe atom, were used to predict the Xe chemical shifts in mixtures of Xe and CH 4 and of Xe and CF 4 gases in the limit of very low Xe mole fraction, as a function of CH 4 or CF 4 density and temperature. 26 We will use the Xe-C͑H͒, Xe-C͑F͒, Xe-H, and Xe- 
where the outside sums are over all the F, C, and Br atoms in the simulation box within the cutoff distance from the Xe atom, under periodic boundary conditions. In all cases, the pairwise chemical shift functions had been constrained to approach the free Xe atom limit, zero, so as to match the limiting behavior calculated in the supermolecule. 23 Thus, each of the Xe chemical shift functions have typically gone to zero at much shorter distances than the cutoff distance used in the MD simulation box. The parameters in Eqs. ͑2͒-͑4͒ are given in Table II .
C. Molecular dynamics
The averaging to obtain Xe chemical shifts can be carried out in various ways. In this paper, we employ a molecular dynamics-based method using an algorithm developed by one of us to study the solubility of gases in liquids. The method has been described in previous publications 28,29 so we will only summarize it here. The simulation box consists of a solvent/solution compartment separated from the gas compartment by a semipermeable membrane. A schematic diagram of the simulation system is shown in Fig. 1 . Periodic boundary conditions then lead to a system infinite in the y and z directions ͑parallel to the membranes͒. In the x direction this leads to alternating gas and solvent sections of width L x /2 (L x is the system size in the x direction, i.e., perpendicular to the membranes͒. In this method, the membrane typically consists of several layers of atoms arranged in a fcc configuration. In the present study the membrane simply consisted of a single layer of atoms. The membrane is formed by tethering the atoms that constitute the membrane to their equilibrium positions with a simple harmonic potential, although other potentials could also be used. For the present application, the membrane atoms are fictitious; the membrane serves as a means of including all parts of the equilibrium system ͑the gas and the solution͒ in the simulation box. The membrane is made permeable to the gas molecules but not to the solvent molecules. This has been accomplished for these studies by adjusting the pore size of the membrane, and adjusting the intermolecular interaction between the solvent or gas molecules and the membrane. 29 The density and temperature of the solution compartment can be fixed to correspond to the state condition of interest. In this study, the density of the liquid phase was set equal to the experimental density of the solvent at the temperature of interest. This establishes the volume of the solution compartment once the number of solvent molecules to be included in the solution compartment is fixed. In these simulations, the solution compartment consisted of typically 480 solvent and solute molecules and the two membrane walls were constructed of 64 atoms. The number of Xe atoms found in the solution compartment is typically small. Since the simulations for averaging the Xe chemical shifts are carried out to mimic the solution at infinite dilution in Xe, the Xe-Xe contributions to the Xe chemical shift in the solution compartment are not included. They are similarly ignored in the gas compartment. The volume of the gas compartment has been set to be equal to the solvent compartment ͑although this is not essential͒. In the initial setup the gas compartment would have as many Xe atoms as to give the gas any desired density/pressure. The gas compartment typically starts out with 40-80 atoms of xenon in the simulations for which results are shown here. The length of the simulation system perpendicular to the membrane has been set to four times that parallel to the membrane. Furthermore, the lengths parallel to the membrane were set to be the same (L y ϭL z ). These relative dimensions minimize the effect of the membrane on the overall system. equal to the experimental density of the pure solvent in the MD simulation at the temperature of interest is as follows. The average Xe chemical shift is extremely sensitive to the effective free volume in the solvent, and a MD simulation that permits either the volume or the number of solvent molecules to vary would not provide the correct free volume for the Xe unless the solvent-solvent potentials were extremely accurate. Since the total number of solvent molecules remains fixed during the simulation and is at least an order of magnitude as large as the equilibrium number of Xe atoms in the solution, the average liquid density in the solution compartment remains very nearly constant throughout the simulation.
The molecules were given a Gaussian velocity distribution corresponding to the system temperature being investigated. The time evolution of this initial system setup was then followed using a fifth order predictor-corrector scheme for the translational motion and a fourth order predictor scheme using quaternions for the rotational motion. 30 The temperature was held constant using a Gaussian thermostat. The simulation system was allowed to equilibrate for 6 ϫ10 4 -1ϫ10 5 time steps. After this, production runs were carried out for 5ϫ10 5 -1ϫ10 6 time steps, each of size 2 ϫ10 Ϫ16 s for water and 4ϫ10 Ϫ16 s for hydrocarbons. Some simulations, where we calculated the Henry's constant were up to 3ϫ10 6 steps. Typically, the initial system configuration consists of a solution section with 15-40 atoms of xenon and 440-465 molecules of solvent, for example. Equilibrium is obtained more rapidly for systems with very low Xe solubility ͑such as water͒ if the solution has an excess of xenon, since expulsion of xenon from such solutions is more rapid than diffusion of xenon into the solution from the gas phase. The solubility of Xe in water is very low, 31 while that of Xe in organic liquids is much higher. [32] [33] [34] For Xe in organic liquids this does not appear to be a problem.
After the initial equilibration run, the simulation is continued in which the Xe chemical shift is calculated every time step for each Xe atom and the averages calculated over all Xe atoms every 10 000-20 000 steps, using the chemical shift functions shown in the appropriate one of Eqs. ͑2͒-͑4͒. To ensure that only xenon atoms completely surrounded by solvent molecules were included in this sum ͑i.e., to exclude xenon molecules near the membranes for the purpose of averaging the properties of xenon atoms in the solution͒, only those xenon atoms in the middle half of the solution compartment ͑see Fig. 1͒ were included in accumulating the sums in Eqs. ͑2͒-͑4͒. Typical density profiles of Xe and solvent in the simulation system are shown in Fig. 2 . In our preliminary studies, we had found early convergence of the chemical shift average in comparison to solubility or Henry's law constant. 35 We find this to be the case in the present work for all the liquids. In most runs, the chemical shift averages converged within 1ϫ10 5 (2ϫ10 5 in a few cases͒ time steps. For Henry's constant ͑solubility͒, convergence required between 5ϫ10 5 and 3ϫ10 6 time steps.
D. Potential functions
We adopt for Xe in the alkanes and perfluoroalkanes the same set of pairwise potentials that have been tested against the measurements of the Xe chemical shift in Xe-CH 4 and Xe-CF 4 gas mixtures as a function of temperature and for chemical shifts in Xe-CH 4 mixtures in zeolites. 23, 36 The Aziz Xe-Kr potential function, 37 fitted to an exp-6 form, was adopted for Xe-Br. For the Xe-H 2 O potential we adopt the same potential as was used for the calculation of the Xe chemical shifts in clathrate hydrates. 24, 25 For the present work, we use an exp-6 fit rather than the Maitland-Smith form, since the former is more convenient to use in molecular dynamics codes:
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where rϭr Xei /r min,Xei . The parameters ⑀, ␣, and r min for Xe-C alkyl , Xe-H alkyl , Xe-F, and Xe-Br are given in Table  III . The Xe-Xe chemical shift contributions are not included in the averaging, thereby resulting in an average appropriate to the infinite dilution limit. The Xe-Xe potential and chemical shift functions are irrelevant to the calculations of Xe chemical shifts in this study since measurements had been made in very dilute solutions of Xe.
Potential functions used recently in MD simulations of liquid perfluoroalkanes modeled them as chains of tangentially bonded spherical segments of hard-core diameter sigma, and the attractive interactions described by square well potentials. 38 In other studies, the AMBER5 potential functions have been used for perfluorinated decane, for example. 39 In the present work, we used the OPLS-AA ͑op-timized potentials for liquid simulations, all-atom͒ model; 42 that is, the perfluoroalkane molecules are treated atomistically, but internal rotation about the C-C bonds is not permitted. The potential models adopted for the solvent-solvent interactions are of the form
where ⑀ and are the Lennard-Jones energy and size parameters, q the charge, i and j the active sites, while r i j is the distance between the active sites i and j. These potential models are known to give a reasonable quantitative picture of a wide range of thermodynamic properties of liquids. 40 Potential parameters used in the present work are given in Table IV . The partial charges of the alkanes and perfluoroalkanes were obtained from DFT/B3LYP calculations of the solvent molecule in vacuum using the 6-31G* basis set. These ͑Löw-din͒ charges were used only in the solvent-solvent interactions, and their absolute magnitudes have influence on the averaging of the Xe chemical shift only by their effects on the free volumes afforded to Xe atom in the liquid solvent.
For the MD simulations in the alkanes, the solventsolvent potentials used the same parameters ͑⑀ and ͒ as in the OPLS model, 41 but no internal rotation was permitted, and we used the rigid all-trans configurations for the carbon backbone. Here, in keeping with the OPLS model for the purposes of calculating solvent-solvent interactions, hydrogens on carbon are implicit and the interaction sites for the CH n groups are neutral and centered on the carbons. The Xe-H interactions are explicitly included, however, with the proton positions at their normal bond lengths and bond angles.
For the MD simulations in liquid water, we have tested two widely used potential models, the SPC ͑simple point charge͒ model and the TIP4P ͑transferable intermolecular potential functions, 4-point͒ model. Both these potentials can reproduce the density of water as a function of temperature. 43 The SPC model has acceptable agreement while the TIP4P has good agreement with the structure of liquid water. A recent review of liquid water potentials by Guillot provides a comprehensive assessment of the current state of the art in computer simulations of liquid water. 44 
III. RESULTS
The present work provides MD simulations of Xe chemical shifts for Xe atoms in liquid solvents. Previous MD simulations carried out for Xe in liquids addressed relaxation mechanisms ͑dipolar and quadrupolar relaxation͒. [45] [46] [47] [48] [49] The bulk susceptibility contributions are sample-shapedependent and are not included in our simulations. Thus, comparisons have to be made with experimental data which have already been corrected for this sample shape factor. Furthermore, the experiments have to correspond to the limit of infinite dilution. The average chemical shift of xenon in selected solvents at 298 K and 273 K obtained using the method outlined above are shown in Table V , where they are compared to the experimental values where available.
The average Xe NMR chemical shift resulting from the MD simulations are compared to the experimental spectra shown in Fig. 3 . Our MD simulation results give an excellent account of the large difference in the Xe chemical shift of xenon dissolved in water and in perfluorooctyl bromide.
Measurements carried out for Xe in many alkanes over a wide range of temperatures 16 show a linear dependence with temperature and a negative temperature coefficient, that is, the Xe chemical shift is found to decrease with increasing temperature, as seen in three examples given in the third column of Table V. Our MD simulations at 298 K and 273 K for Xe in liquid pentane and hexane ͑see Table V͒ uniformly predict that Xe chemical shift in liquid solutions decrease with increasing temperature, that is, we obtain the same sign of the temperature coefficient as was observed experimentally for Xe in these liquids.
It required much longer simulations to obtain good values for the Henry's constant of Xe in the solution. Selected examples are compared with experiment in Table VI . 50 The 
IV. DISCUSSION
To understand Xe chemical shifts in infinite dilution in liquid solvents, it is helpful to think of the Xe as being surrounded by a dynamic cage of solvent molecules. Thus, the major determinants of the magnitude of the average chemical shift are ͑a͒ the electronic structure of individual solvent molecules, ͑b͒ the average size of the cage ͑free volume available to the Xe atom͒, ͑c͒ the range of free volumes that are sampled over time, and ͑d͒ the temperature. The electronic structure of the solvent molecules determines both the Xe shielding response and the potential energy of interaction as a function of configuration. Thus, factor ͑a͒ has the same nature for Xe in liquids as for Xe in rigid cages in crystalline materials.
The average size of the solvent cage or free volume ͓fac-tor ͑b͔͒ depends on the density of the solution, which in turn is determined by the solvent-solvent interaction potential. The effect of the internal volume of the solvent cage on the average Xe chemical shift is the same as for Xe in rigid cages in crystalline materials. The smaller cage permits a sampling of short Xe-cage atom distances. Since we had previously established that the Xe shielding response is increasingly deshielding ͑to higher positive chemical shifts͒ with decreasing distance, 21, 22 small cages permit sampling of large chemical shift contributions. This is the basis for the observed correlation between cage internal volume and average Xe chemical shifts for a given electronic structure of cage atoms, as for Xe in silicate cages.
Quantum mechanical calculations reveal that the universal sharp change in the Xe shielding response is decidedly nonlinear with decreasing distance of a neighboring atom. 21, 22 This means that the range of cage internal volumes sampled over time ͓factor ͑c͔͒ will be important, because even the infrequent sampling of the low end of the range of free volumes can make large contributions to the average Xe chemical shifts. 
A. Dependence on temperature
Since a linear temperature dependence of the average Xe chemical shift is generally observed for Xe in liquids, 16 the effect of temperature ͓factor ͑d͔͒ appears deceptively simple. It is well known that chemical shifts in liquids change with temperature when one is observing a nucleus in the pure solvent. For example, extensive studies of gas to liquid NMR shifts over a wide range of temperatures in simple molecules have established that the 19 F chemical shifts varied with temperature, uniformly decreasing as the density of the liquid decreases with increasing temperature. [52] [53] [54] [55] [56] [57] The temperature dependence of Xe chemical shifts has been measured in some liquids. 8, 16 The MD simulations in the present work provide the theoretical paradigm for the understanding of all such data.
The complexity of the effect of temperature arises from the traditional way in which NMR experiments in liquid solutions are carried out, i.e., at constant pressure, in which case, temperature plays a role in factors ͑b͒ and ͑c͒ in addition to the effects such as would be observed in the dilute gas phase under constant volume conditions. In the latter simpler system, the sampling of configurations determined by temperature in the factor exp͓ϪV/RT͔ gives rise to temperaturedependent Xe chemical shifts under the constant density conditions of a sealed gas sample. Since configurations having short distances between Xe and neighbors give rise to greater Xe shielding response, this intrinsic temperature dependence is decidedly nonlinear. 58 For example, the Xe chemical shifts in Xe-CH 4 and Xe-CF 4 mixtures at constant density are nonlinear with temperature in theory and experiment. 23 Similarly, in the zero occupancy limit, the average shift for a single Xe in a cage or channel in a crystal has a decidedly nonlinear temperature dependence over a wide temperature range. 59 In contrast, both factors ͑b͒ and ͑c͒ are affected by temperature in a liquid under the constant pressure conditions of a standard NMR measurement. The density of a liquid typically decreases with increasing temperature and this leads to larger free volumes available to the Xe atom ͓factor ͑b͔͒. Given the sharp dependence of the Xe shielding response on the short distances sampled in the internal volume of the solvent cage, the solvent density change with change in temperature has a significant and dominant contribution to the temperature dependence of the average Xe chemical shift, primarily due to factor ͑b͒. This is the primary reason why the average Xe chemical shift in various solvents should not be compared at the same temperature, but rather at a constant reduced temperature, as suggested by Bonifacio et al. 16 Furthermore, if the solvent molecules are associating by specific interactions such as hydrogen bonding, then temperature can have unusual effects on the average Xe chemical shift as the disruption of cage-forming hydrogen bonds upon increasing temperature can affect the electronic nature of the neighbors of the Xe atom, in addition to affecting the average geometric configuration of the solvent cage.
In the present MD study of Xe in alkanes, we have kept factor ͑a͒ constant so as to explore the role of factors ͑b͒, ͑c͒, and ͑d͒. To establish that factor ͑b͒ is the major reason for the temperature dependence of Xe chemical shifts in liquid solutions, we also carried out simulations in which we raised the temperature but maintained the liquid density constant ͑an MD simulation of the typical high pressure experiments of Jonas 60 ͒. The results are as follows. Raising the temperature of the simulation to 322 K whilst maintaining the density the same as the density at 298 K left the average Xe chemical shift unchanged in isobutane ͑170Ϯ10 ppm͒. Raising the temperature of the simulation to 350 K while keeping the density of n-butane the same as at 298 K also led to no change ͑155Ϯ5 ppm vs 153Ϯ5 ppm͒. These results demonstrate that the change of liquid density with changing temperature is primarily responsible for the temperature dependence of Xe chemical shifts in liquid solvents. With increasing average size of the effective free volume upon increasing temperature dominating the temperature effect on Xe chemical shifts, the temperature dependence of the Xe chemical shift in the limit of infinite dilution in liquid sol- vents is easily predictable: Xe chemical shifts decrease with increasing temperature for a given solvent, primarily due to factor ͑b͒. Of course, in those organic solvents where the Xe solubility is significant, the intrinsic temperature dependence of Henry's law constant would bring in the complication of Xe-Xe contributions to the chemical shift, with increased Xe-Xe encounters in higher Xe concentrations. We do not deal with this aspect in the present work.
B. Alkanes versus fluoroalkanes
Our simulations do very well with distinguishing Xe chemical shifts in alkanes compared to perfluoroalkanes, as seen in Table V . The uniformly smaller chemical shifts for Xe dissolved in the fluorinated versions runs counter to the usual idea of higher dispersion contributions from molecules with larger number of electrons. We had found that at the same distance from the C center, the Xe shielding response from a CH 4 molecule is slightly greater than that from a CF 4 molecule for the Xe approach toward the face of the three F or H atoms, whereas the shielding responses at Xe from CH 4 or CF 4 are about the same for approaches along the C-H or C-F bond, or along the bisector to the HCH or FCF angle. 23 The F atom core electrons and the longer C-F bond length do not permit the Xe atom to get as close to the CF 4 as it does to the CH 4 molecule. 23 The differences in the observed Xe chemical shifts in these gas mixtures arise primarily from the averaging; the Xe shielding response is smaller at those distances favored by the Xe-F potential functions. The same holds for the averaging in the MD simulations of Xe chemical shifts in liquid perfluoroalkanes. Thus, for the same number density of C atoms, the Xe chemical shifts in the perfluoroalkanes are smaller than in the alkanes. Our results at room temperature reflect this. There are no published data for Xe in perfluorocarbons, other than CF 4 , for comparison with our predictions, although measurements have probably been made in the laboratory of Filipe et al.
Our results have some relevance to Xe shifts in polymers. Golemme et al. have measured Xe chemical shifts for Xe in glassy perfluorinated polymers that have high free volume. 61 At near-zero loading the Xe chemical shift is 65-84 ppm depending on the polymer. The Xe chemical shifts in these glassy perfluorinated polymers are smaller than those found in polymers with alkyl sidechains. 62 Xe chemical shifts in the voids of polytetrafluoroethylene are found to be about half as large as that found in polycarbonate under the same conditions. 63 These experimental results are entirely consistent with the smaller average chemical shifts that we calculate for Xe in perfluorinated alkyl solvents compared to Xe dissolved in their alkyl counterparts. As we have seen already, 23 both the intrinsic shielding response and the potential functions for Xe-CF n vs Xe-CH n lead to a prediction of smaller Xe chemical shifts for Xe-CF n . Thus, for the same void sizes, Xe in the polymers with pendant CH n groups should have a larger chemical shift than in the perfluorinated polymers; this is indeed observed experimentally. 61 ,63,64
C. Xe in water
The Xe chemical shift in liquid water relative to free Xe atom is found by the MD simulations to be in excellent absolute agreement with experiment; MD simulations give an average Xe chemical shift of 195Ϯ5 ppm using the SPC potential for water compared to 196 ppm from experiment.
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In the present work, MD simulations using TIPS4P gives identical results to those obtained using the SPC potential, within statistical errors. The two liquid water potentials used in this work had been shown to give reasonable agreement with a range of experimental observations on liquid water. 44 Apparently they are both good enough to reproduce the distribution of configurations of water molecules that form transient solvent cages around a Xe atom. In particular, the ability of both liquid water potentials to accurately reproduce the experimental density of liquid water ensures that the liquid structure will provide nearly the correct environment ͑prima-rily the correct free volume͒ for the dissolved Xe atom.
D. Xe in water and perfluorooctylbromide
The ability of Xe to discriminate between biological cavities, in the same chemical shift region as Xe in aqueous solution, and the Xe in the delivery medium is of great advantage in applications of Xe for chemical-shift-selective imaging and spectroscopy, for investigation of cells and tissues in vivo.
2 Therefore, we were particularly interested to find out whether it was possible to account for the large Xe chemical shift difference between these two media. The MD simulations give an excellent account of the large difference in Xe chemical shift in water and in PFOB, as can be seen in Fig. 3 . The average chemical shifts of Xe in PFOB and H 2 O are, respectively, 105Ϯ5 and 195Ϯ5 ppm, to be compared with the experimental 106 and 196 ppm.
The Xe atom obviously experiences longer average distances from solvent cage atoms in PFOB than in water. That the transient solvent cages in PFOB are much larger than those in liquid water is easy to understand; the smaller molecules tend to form smaller solvent cages than the long extended molecules.
There is a smaller, yet significant, difference between Xe in PFO and PFOB liquids. The two solvent molecules differ only in that one F atom in the former has been replaced by a Br atom. The greater intrinsic shielding response at the Xe from a Br atom, compared to a F atom ͑a factor of 2.07͒, will lead to larger average chemical shifts provided the Xe has similar access to the Br atom as to the F atom in that position in PFO. The positions of the center-of-mass in the two molecules are nearly identical; the two molecules PFO and PFOB will generate similar configurations during the MD simulation. With the greater shielding response of Xe to the Br atom, a larger Xe chemical shift in PFOB compared to PFO may be expected. The MD results demonstrate that Xe can tell the difference between the two liquids, resulting in an average Xe chemical shift of 78Ϯ5 for PFO, compared to 105Ϯ5 for PFOB. With the understanding of the influence of the parameters that determine the average Xe chemical shifts in liquids, especially the perfluoroalkanes that are similar to the compounds already in medical use as oxygen carriers and blood substitutes, it should be possible to design an alternative to PFOB for the efficient delivery of hyperpolarized xenon to cells and tissues, using as a basis the quantitative insight gained from the present work.
E. Sensitivity to the potential functions used in the simulations
We have not explored other Xe-alkane, Xe-perfluoroalkane potentials since our goal was to demonstrate that it is possible to understand Xe chemical shifts in liquids using the same electronic structure ͑same shielding and potential functions͒ as for Xe-CH 4 and Xe-CF 4 . Now we consider, in general, the sensitivity of the chemical shift in solutions to the interaction potentials between solute and solvent. Because of the strong dependence of the intermolecular chemical shift on the distance between the nucleus ͑Xe in our solute example͒ and the individual atoms of the neighboring solvent molecules, the average chemical shift is sensitive to the Xe-solvent potential over a range of distances typically 3-6 Å. The results of the simulation are sensitive to the Xe-solvent interactions, including the anisotropy of the potential function. Only the isotropic average of the Xe chemical shift can be observed experimentally. However, the shielding response functions are expressed in site-site (Xe-A) form; therefore the MD results are sensitive to the anisotropy of the Xe-solvent potential. Since the greater shielding response is at the shorter distances, the Xe-A potential function has to have a reasonably accurate r 0 and a proper functional behavior for the repulsive region inside of Vϭ0. The Lennard-Jones form of Xe-A potential is usually not adequate for this purpose; the r Ϫ12 form of V is too steep. The temperature dependence is a robust test for the adequacy of the Xe-solvent potential provided the Xe shielding response functions are well described, as is the case for the Xe-C and Xe-H functions we used in this work for alkanes, and the Xe-C and Xe-F functions used for perfluoroalkanes. With a given description of the dynamic liquid structure of the pure solvent, the Xe-solvent interaction parameters may be determined if the shielding response can be calculated quantum mechanically for Xe in the presence of one solvent molecule.
The same reason, the steep dependence of the Xe shielding response on Xe-neighbor distance, makes the average Xe chemical shift in solution also sensitive to the ''free volume'' provided by the dynamic liquid structure. In the present work, we fix the number density of the solvent in the simulation box to be the same as the experimental density, so that the free volume available to the Xe atom in solution is not entirely determined by the accuracy of the solvent-solvent potential; thus, the results of our simulation should not be acutely sensitive to the long range terms in the solventsolvent potential functions used. We have verified that the average Xe chemical shifts are not extremely sensitive to the details of the solvent-solvent potential, provided the liquid density is reproduced by the potential. For example, upon increasing the parameter r 0 of the CC Lennard-Jones by 2.5% in the MD simulations in isobutane, the average Xe chemical shift remained unchanged within statistical errors, despite the significant increase in the energy of the liquid. As already mentioned, using the SPC or the TIP4P potential for liquid water gave indistinguishable results for the average Xe chemical shift. On the other hand, the sensitivity of the average Xe chemical shift to the liquid density implies that when the individual site-site Xe-solvent interactions are well known ͑from low-density gas phase chemical shift studies, for example͒, the solute chemical shift can be used to discriminate between those descriptions of pure liquid solvents that correspond to different densities at a given temperature. This would therefore make the average Xe chemical shift a particularly attractive property for the investigation of complex condensed phases, such as mixtures of liquid solvents or liquid crystals.
We have shown in Table I that the Xe@CH 4 model is not directly transferable to Xe-alkane and that we expect to always overestimate the Xe chemical shifts for alkanes because the Xe chemical shift function for Xe@CH itself varies with increasing C substitution for H. This is part of the reason why the calculated average chemical shifts are overestimates in every case when compared to the experimental values in the alkanes. We note that the deviations become larger as the alkane length increases. Finally, we should note that we have used only rigid molecules in these MD simulations; we have not accounted explicitly for the effect of the torsional degrees of freedom of the solvent molecules on the average Xe chemical shift. Therefore, subtle differences, such as the 2-10 ppm chemical shift differences for Xe in branched alkanes vs normal alkanes cannot be accounted for in the present work. The packing of rigid all-trans molecules is different from the case where a distribution of conformations is allowed. The deviations of the calculated chemical shifts from the experimental values therefore become more pronounced as the number of internal rotation degrees of freedom in the alkane increases. On the other hand, the higher internal moments of inertia of CF n groups correspond to smaller rotational velocities and the bulkier F atoms compared to H atoms corresponds to higher barriers to internal rotation in the perfluorocarbons. The Br atom is bulkier yet, so neglect of internal rotation in PFOB is not as severe an approximation. Thus, we represent dynamics in the perfluoro solvents more faithfully than the dynamics in the alkanes, with concomitant expectations of better agreement with experiment in the Xe chemical shifts. The predicted Xe chemical shifts in perfluoro alkanes need to be tested experimentally.
V. CONCLUSIONS
We have carried out calculations of Xe chemical shifts in liquids, for the first time. Previous interpretations were primarily empirical correlations between the observed Xe chemical shifts and functions of refractive index of the liquid solvents or semiempirical measures of dispersion energies. The MD simulations in the present work used shielding response and potential functions for Xe which are identical to those used for Xe in gas and crystalline phases; and the liquid-liquid potentials were adopted from standard sources. No parameters were adjusted to chemical shift data. We have shown that this general approach successfully provides good Xe chemical shift averages that are comparable with experi-ment, reproducing systematic trends in a variety of liquids. We have demonstrated that the magnitudes of the Xe chemical shifts in liquid solutions and the temperature dependence of the shifts can be understood from consideration of Xe in solvent cages. The major difference between the Xe chemical shifts in semirigid cages and channels in our previous work and the Xe chemical shifts in liquid solutions in the present work is that the solvent cages are very dynamic and very temperature dependent in the liquid state. The use of MD simulations, instead of Monte Carlo simulations using an ensemble of static solvent cage structures, ensures that the Xe will average over the proper distribution of instantaneous solvent cage sizes and shapes, as dictated by the structure of the liquid. This molecular level picture of Xe chemical shifts in liquid solvents is therefore entirely consistent with the interpretation of Xe in gas phase mixtures and in rigid cages in crystals. In this way, the present approach is superior to empirical correlations of Xe chemical shifts with dispersionbased quantities.
Correlations of Xe chemical shifts with Xe-solvent dispersion energy or other quantities ͑such as refractive index͒ that are related to polarizability or dispersion energy have been shown here to be spurious. Some empirical correlations do appear when considering related compounds since the intermolecular interaction potential is involved in the averaging process, not that the intrinsic Xe shielding response arises from dispersion or electrical polarization in the reaction field. Despite the greater polarizabilities of the n-perfluoroalkanes compared to n-alkanes, the Xe chemical shifts at room temperature are greater in the latter. The intrinsically smaller Xe shielding response to the CF n group, coupled with the longer r 0 of the Xe-CF n potential, dictates that the Xe averages over that portion of the Xe shielding response surface which is smaller in magnitude, relative to the CH n analog, resulting in a smaller average Xe chemical shift.
For Xe dissolved in water, the results of the MD simulations are in excellent agreement with experiment. In contrast to the transferred Xe-C, Xe-H, and Xe-F functions, the Xe shielding response functions used for water had been calculated quantum mechanically in water cages of known structure. The MD average should be correct, provided a reasonably good solvent-solvent potential is used.
Our success in both grand canonical Monte Carlo and MD simulations using site-site shielding and potential functions suggests that we may be able to use this general approach in the prediction of Xe chemical shifts in biological cavities where the pendant functional groups ͑such as side chains͒ in the cavities are fluxional.
